Introduction
Over the past few decades, there has been a significant increase in interest in transdermal drug delivery as a means to facilitate skin penetration of drugs. 1 Transdermal drug delivery provides a number of advantages for systemic drug therapy, such as avoiding hepatic first-pass metabolism, stabilizing drug plasma levels, reducing adverse effects of gastrointestinal absorption, and improving patient compliance. 2 Despite these distinct advantages of transdermal delivery, most drugs are difficult to partition into and diffuse through the skin because of the barrier function of the stratum corneum, the outermost layer of the skin epidermis. 3 Various approaches, including the use of chemical permeation enhancers, ultrasound, electroporation, iontophoresis, microneedles, and laser thermal ablation have been used to increase the efficacy of transdermal pathways. 4 Among several approaches, noninvasive vesicular delivery seems promising and has gained importance in transdermal drug delivery. 5 Liposomes, as nanosized carriers, composed of biodegradable phospholipids, can carry lipophilic or hydrophilic drugs and facilitate their skin permeation. 6 However, it has become evident that it is difficult for conventional liposomes (CLs) to penetrate deep into the skin, with a large fraction retained in upper layers of stratum corneum and accumulated in skin appendages. 7 It has been reported that deformable liposomes, consisting of phospholipids and so-called edge activators, could be driven deep into the skin by a hydration gradient when applied nonocclusively. 8 The edge activators used for the preparation of deformable liposomes are generally single-chain surfactants with a high radius of curvature, which destabilizes and increases deformability of the lipid bilayers of the vesicles. 9 These new functional liposomes, called ultradeformable liposomes (UDLs), are a type of elastic vesicle, first introduced by Cevc et al. 10 UDLs have the ability to squeeze themselves through intercellular sealing lipids of the stratum corneum as intact vesicles, without permanent disintegration. 11 While UDLs can increase the skin penetration of transdermally administered drugs both in vitro and in vivo, [12] [13] [14] the influence of surface charge modifications of UDLs on drug permeation remains unclear.
Lipid lamellae of the stratum corneum contain a high proportion of negatively charged lipids, indicating that the skin could act as a negatively charged membrane. 15 It may, therefore, cause some components of the liposome bilayer to be transferred into the skin. 16 Regarding the effect of the surface charge of liposomes on drug penetration, the skin permeation of drugs incorporated in positively charged liposomes was found to be higher compared with that of negatively charged liposomes. [17] [18] [19] This phenomenon, indicating that positively charged liposomes remarkably enhance the penetration of drugs across the skin, probably owing to the negatively charged stratum corneum, favors the electrostatic attraction of positively charged liposomes. 20 Thus, it has been proposed that the electrostatic interaction between the negatively charged skin surface and positively charged liposomes could promote drug permeation and its consequent rapid depletion by the bloodstream in vascularized sections of the skin. 21 However, the effectiveness of anionic surfactants in transdermal liposomes has also been reported. 22, 23 The abovementioned hypothetical views evoked our interest in exploring the influence of surface modification in UDLs to improve transdermal drug absorption. Imperatorin (IMP) is an important active compound from the Chinese herbal medicinal plant, Angelica dahurica. 24 Pharmacological activities of IMP have long been recognized, including anti-inflammatory, 25 analgesic, 26 antibacterial, 27 antitumor, 28 anticonvulsant, 29 and anticoagulant activities. 30 IMP has also been investigated as both an antihypertensive and cardioprotective agent. 31 Considering the variety of pharmacological properties displayed by IMP, it is clear that the compound has the potential for development as a pharmaceutical formulation for subsequent clinical assessment. 32 Because of the low bioavailability of IMP, which may be attributed to its poor absorption or extensive metabolism, 33 topical application of IMP would be of great interest for its future use in clinical treatments. However, the high nonpolarity of IMP becomes an obstruction for delivering through the stratum corneum and viable epidermis, which greatly limits the percutaneous penetration of IMP. 34 Hence, it is necessary to prepare IMP-loaded UDLs for efficient transdermal delivery. The application of UDLs would simplify IMP therapy, increasing drug concentration in the skin and bioavailability, as well as improving patient compliance.
In this study, a comparison among different types of surface-charged UDLs and CLs was made to explore their potential to enhance the skin permeation of IMP. We aimed to deliver IMP into the skin by topical application using transdermal lipid vesicles and to investigate the influence of surface charge modifications on physicochemical properties and transdermal skin penetration of IMP. For this purpose, IMP-loaded lipid vesicles were prepared by the sonication method, and their physicochemical properties were characterized in terms of size, polydispersity index (PDI), zeta potential, entrapment efficiency (EE), and deformability. In vitro skin permeation and the penetration depth of different lipid vesicles were investigated. The influence of lipid vesicles on skin structure was also elucidated after the skin penetration experiments.
Materials and methods Materials
Phosphatidylcholine from soybean (90%) was purchased from Maxim (Jiangsu, China). Cholesterol and dicetyl phosphate were purchased from Aladdin (Shanghai, China). IMP was supplied by Sunny Biotech Co., Ltd. (Shanghai, China). Stearylamine was purchased from Macklin (Shanghai, China). Polyoxyethylene (20) sorbitan monolaurate (TW20) and polyoxyethylene (80) sorbitan monolaurate (TW80) were obtained from the YOUPUHUI Pharmaceutical Co., (Shenzhen, China). All other chemicals were of analytical grade.
Preparation of IMP-loaded lipid vesicles
All lipid vesicles were prepared by a thin-film hydration method. 35 Four types of ultradeformable lipid vesicles, cationic-UDLs, UDLs, anionic-UDLs, and CLs, were prepared, according to the vesicle composition presented in Table 1 .
Briefly, lipid mixtures of phosphatidylcholine, cholesterol, the surfactant (stearylamine or dicetyl phosphate), and 
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Penetration enhancement of imperatorin by different charged vesicles IMP were dissolved in TW20/ethanol (1%, w/v), with TW20 playing the role of the edge activator. The organic solvent was removed by rotary evaporation (RE52-05; Shanghai Ya Rong Biochemistry Instrument Factory, Shanghai, China) under reduced pressure at 55°C to form a thin lipid film. The thin film was further dried under a stream of nitrogen gas for 6 h to remove traces of the organic solvent. The dried film was hydrated with phosphate-buffered saline (PBS, pH 7.4) for 30 min and then sonicated in an ice bath using a probe sonicator (JY88-IIN; Ningbo Scientz Biotechnology Co., Ltd., Zhejiang, China) for 10 min. CLs were prepared by the same method without surfactant and edge activator. Prepared lipid vesicles were stored at 4°C until further analysis.
An IMP suspension was prepared by adding IMP to PBS (pH 7.4) at a concentration of 1.5 mg/mL and then stirring the suspension for 48 h to ensure that the IMP powder was completely dispersed. The concentration of IMP in the suspension was determined, and the suspension was used as a control in the skin permeation experiment.
Particle size and zeta potential investigation
The mean particle size and PDI of the prepared liposomes were determined by dynamic light scattering using a particle size and zeta-potential analyzer (Delsa Nano C; Beckman Coulter, Brea, CA, USA). Each vesicle formulation was diluted 10-fold with filtered deionized water prior to the measurements. The zeta potential was measured by electrophoretic light scattering using the same instrument. All measurements were performed at room temperature in triplicate.
Transmission electron microscopy (TEM)
The morphology of liposomes was characterized by TEM (HT7700, Hitachi, Tokyo, Japan). One drop of each liposome vesicle preparation was placed onto a copper grid, and the excess suspension was immediately adsorbed using filter paper. The sample was then negatively stained by adding a drop of 2% phosphotungstic acid, followed by drying at room temperature. Afterward, the grid was observed using a TEM with an accelerating voltage of 120 kV. 36 
ee of lipid vesicles
The non-entrapped drug was separated from drug-loaded liposomes by dialysis. 37 Drug-loaded liposomes (0.5 mL) were placed into a cellulose acetate dialysis tube (molecular weight cutoff 3,000; Guangzhou Qiyun Bio Technology Co., Ltd., Guangdong, China). Then, the dialysis tube was immersed in 20 mL of 0.5% TW80 in a closed vessel, followed by stirring at 100 rpm on a shaking table (THZ-8Z; Jiangsu Jintan Honghua Instrument Plant, Jiangsu, China) at 37°C. Aliquots of the dialysate were withdrawn at certain time points and replaced with equal volumes of fresh solvent. Equilibrium was considered achieved when constant drug concentrations were obtained in dialysate samples. The concentration of IMP in the samples was determined by high-performance liquid chromatography (HPLC). The EE (%) of the lipid vesicles was calculated according to the following equation:
100
( 1) where W Total and W Free represent the weights of the total and non-encapsulated drug, respectively.
Evaluation of deformability of lipid vesicles
Deformability is a critical factor for efficient skin permeation of UDLs. The liposome vesicles were extruded through 50-nm polycarbonate membranes (LiposoFast-Basic; Avestin, Inc., Ottawa, Canada) at a constant pressure of 0.2 MPa. 38 The amount of vesicles that was extruded within 5 min was measured, and the vesicle size was monitored by dynamic light scattering after filtration. The deformability 
where D is the deformability of vesicles, J is the rate of penetration through the permeability membrane, r v is the particle size after extrusion, and r p is the pore diameter of the permeability membrane.
In vitro skin permeation of lipid vesicles Preparation of rat skin
The skin for permeation experiments was excised from the abdominal area of healthy male Sprague-Dawley rats weighing 200±20 g. The hair was removed from the abdomen without damaging the skin with a sufficient amount of an 8% Na 2 S solution. After the rats were euthanized by cervical dislocation, the abdominal skin was surgically separated. Then, underlying fat and subcutaneous tissue were carefully removed. The full-thickness skin was washed with normal saline and stored in a polyethylene bag at −20°C. 39 All animal protocols complied with the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health for the care of laboratory animals, and all animal experiments were approved by the Institutional Animal Care and Use Committee of Guangdong Pharmaceutical University.
Skin permeation study
Skin permeation of the lipid vesicles was evaluated with the isolated rat skin using a Franz diffusion cell (Shanghai Kai Kai Technology Trade Co., Ltd., Shanghai, China). The available area of the diffusion cell was 3.14 cm 2 . The full-thickness rat skin was mounted between the donor and receptor compartments so that the stratum corneum side of the skin faced the donor chamber. The receptor compartment was filled with 18 mL of normal saline solution, and TW80 (1%, w/w) was added in order to ensure the sink condition. After equilibration for 15 min in a water bath, 1 mL of an IMP-loaded vesicle formulation was applied onto the skin on the donor compartment side. The receptor compartment was maintained at 32°C, with the solution constantly stirred at 400 rpm during the experiment. 21 A non-occlusive condition was maintained to generate a driving force for skin permeation of UDLs and to simulate an in vivo application. 8 At time points of 1, 2, 4, 6, 8, 10, 12, and 24 h, 2 mL of the receiving medium was withdrawn and immediately replaced with an equal volume of fresh diffusion solution. Sink conditions were maintained throughout the experimental procedure. The amount of drug in the samples was analyzed by HPLC, using a C18 column (5 μm, 25 cm ×4.6 mm; Kromasil, Bohus, Sweden) with a mobile phase consisting of methanol/water (70:30). The flow rate was 1.0 mL/min at room temperature, and the wavelength used for detection was 297 nm. The cumulative amount of IMP permeated per unit area was calculated using the following equation:
where Q n is the cumulative amount of the drug permeated per unit area (μg/cm 2 ) at different sampling times, C n is the drug concentration in the receiving medium at different sampling times, C i is the drug concentration in the receiving medium at the ith (n −1 ) sampling time, V r is the volume of the receptor solution (18 mL), V s is the volume of the sample withdrawn (2 mL), and A is the effective permeation area of the diffusion cell (3.14 cm 2 ). The Q n values were plotted against time, and then the steady-state flux (J ss ) and lag time (t lag ) were calculated from the slope and X-intercept of the linear portion of the plot, respectively. The permeability coefficient (K p ) was calculated with the following formula:
where C 0 represents the initial concentration of IMP in the donor compartment.
Fluorescence microscopy
The depth of the skin penetration of lipid vesicles was evaluated by fluorescence microscopy (DMi8; Leica Microsystems, Wetzlar, Germany). Rhodamine B (RB) was entrapped in the lipid vesicles as a fluorescence marker. RB-loaded cationic-UDLs (RB-cationic-UDLs), UDLs (RB-UDLs), anionic-UDLs (RB-anionic-UDLs), and CLs (RB-CLs) were prepared with the same concentration (0.02%) of RB. Diffusion studies were performed under the same conditions as the in vitro skin permeation studies. After application for 12 h, the residual amount of the liposome formulation was removed from the diffusion area of the skin with filter paper. The skin was washed with distilled water and then incorporated into the Tissue-Tek optimum cutting temperature 
, CA, USA) at −20°C after fixation and dehydration. The frozen skin was vertically sectioned into 8-μm thick slices with a cryostat microtome and mounted on positively charged adhesion microscope slides. The skin sections were optically scanned at 8-μm increments without any additional staining or treatment through a 20× objective using a fluorescence microscope equipped with a filter for RB. The images were then quantitatively analyzed for the sum of fluorescence integral optical intensities at various depths using Image-Pro Plus software. 41, 42 characterization of skin structure after lipid vesicle treatment After the skin permeation experiment, the skin was carefully washed with distilled water and blotted dry. The skin structure, mainly the lipid organization in the stratum corneum, was investigated after treatment with the different types of UDLs and suspension by differential scanning calorimetry 43 and attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR). 44 The natural untreated skin was also analyzed and used as a control. Thermal analysis of the skin was performed with a differential scanning calorimeter (DSC 4000; PerkinElmer, Waltham, MA, USA). Skin samples weighing 5-8 mg were compressed in a sealed aluminum pan and heated from 30°C to 200°C at a 10°C/min increase in heating rate with a 50 mL/min nitrogen flow. Molecular vibrations of lipid components of the skin were analyzed by ATR-FTIR. The analyzed skin samples were prepared by using the KBr disk method, grinding the mixture of the skin and KBr uniformly in a ratio of 1:100. Infrared transmission spectra were recorded using an FTIR spectrophotometer (Spectrum 100; PerkinElmer, Yokohama, Japan) in the range of 4,000-500 cm −1 at a resolution of 1 cm
Statistical analysis
Data are expressed as the means ± standard deviations of three independent experiments. Differences among groups
were assessed by analysis of variance and between groups by the independent samples t-test, using SPSS software (SAS Institute, Cary, NC, USA). A value of P,0.05 was considered statistically significant.
Results and discussion Preparation and characterization of IMP-loaded lipid vesicles
The physicochemical characteristics of cationic-UDLs, UDLs, anionic-UDLs, and CLs are outlined in Table 2 .
The results revealed differences in the particle size (nm), PDI, zeta potential (mV), and EE (%). The particle size analysis showed that the size of all investigated lipid vesicles was in the range of 73.5±1.75 to 93.7±1.55 nm. The homogeneity of the size distribution, indicated by PDI values of ,0.300, was acceptable. A small particle size of lipid vesicles is beneficial for the penetration of encapsulated drugs into deeper skin layers. 45 An obvious reduction in the particle size of UDLs was observed upon adding TW20 compared with the largest particle size of CLs. The decrease in the particle size may have resulted from the curvature of the UDLs at a proper edge activator amount, which leads to a decrease in the surface energy with increasing hydrophobicity. 46 Otherwise, the long alkyl chains of stearylamine and dicetyl phosphate may exhibit strong hydrophobic interactions with phosphatidylcholine, and potentially increase hydrophobic volume of the liposomes. Hence, the reductions in the particle sizes of cationic-UDLs and anionic-UDLs were smaller than that of the UDLs. 47 Regarding the zeta potential, CLs and UDLs possessed a negative surface charge. The UDLs showed a negative zeta potential due to partial hydrolysis of the polyethylene oxide head groups (CH 2 −CH 2 −O) n of TW20. 48 cationic-UDLs possessed a highly positive surface charge and anionic-UDLs possessed a highly negative surface charge as a result of the intrinsic properties of the charged surfactants, stearylamine and dicetyl phosphate, respectively. The same molar ratio of stearylamine and dicetyl phosphate was used in the lipid vesicle formulations to investigate the influence of different surface charge modifications on the skin penetration. Since the long-chain carbon surfactants, stearylamine, dicetyl phosphate, and TW20, can increase the solubility of IMP in the vesicular bilayer, the EE (%) values of cationic-UDLs, UDLs, and anionic-UDLs were significantly higher than that of the CLs. The highest EE (%) shown by cationic-UDLs could be attributed to an increased hydrophobic area within the phosphatidylcholine bilayer for IMP by the positively charged combination. 49 The TEM analysis of the lipid vesicles revealed a vesicular morphology with a spherical shape and unilamellar structure, as depicted in Figure 1 . Comparison of lipid vesicles produced with different formulations indicated that the surface charge did not have a marked effect on their structures.
Deformability of IMP-loaded lipid vesicles
Deformability is a crucial characteristic of UDLs, and the permeation ability of liposomes is evaluated as the ability to squeeze through pores smaller than the liposomal diameters. The deformability of the different types of IMP-loaded lipid vesicles is shown in Figure 2 . cationic-UDLs exhibited the highest deformability index (135.08±5.74), while those of UDLs, anionic-UDLs, and CLs were 100.98±6.17, 67.29±2.37, and 55.71±1.67, respectively. These results indicate that the addition of different surfactants had a significant effect on vesicle deformability. The high deformability of the lipid vesicles could be due to the incorporation of stearylamine, dicetyl phosphate, and TW20 into the lipid bilayer. Thus, TW20, a nonionic surfactant with a large head group and highly pliable hydrocarbon chains in its structure, afforded more flexibility to the lipid bilayer in the UDLs compared with that in the CLs. 19 Therefore, the UDLs would penetrate the skin spontaneously, and the risk of the vesicles rupturing in the skin would be minimized. Stearylamine exhibited a high radius of curvature, which can destabilize and increase the deformability of the vesicle bilayer. 
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As a result of cooperation between stearylamine and TW20, the deformability of the cationic-UDLs was markedly improved. However, dicetyl phosphate has a double-long carbon chain, which is bulky in the molecular space of chemical structures, leading to less flexibility than that of hydrocarbon chains. This inflexible carbon chain prevented TW20 from incorporation into the phospholipid bilayer, which decreased the deformability of the anionic-UDLs.
In vitro skin permeation of lipid vesicles
To further improve the skin penetration of IMP, the effect of the surface charge of UDLs on drug penetration was investigated. The cumulative amounts of the different types of IMP-loaded lipid vesicles and the drug suspension, permeated per unit area, were plotted as a function of time, and their skin permeation profiles were acquired, as shown in Figure 3 . Various skin permeation parameters, including Q n of IMP permeated within 24 h, J ss , K p , t lag , and the enhancement ratio of K p , were calculated and are presented in Table 3 . There were significant differences in Q n of IMP (P,0.01) among the IMP-loaded lipid vesicles and the drug suspension after skin permeation for 24 h. The Q n and J ss values of IMP delivered by cationic-UDLs were found to be the highest at 330.50±9.68 μg and 3.54±0.09 μg/cm 2 /h, respectively. The Q n and J ss values of the different IMP-loaded lipid vesicles and the drug suspension decreased in the order, cationicUDLs.UDLs.anionic-UDLs.CLs.suspension, which corresponded with the results of the deformability study. It was observed that the addition of stearylamine as the cationic surfactant in cationic-UDLs caused the greatest increase in J ss , indicating a rapid achievement of the steady state in skin permeation, with the shortest t lag of 0.61±0.04 h. To investigate the release characteristics of the IMP-loaded lipid vesicles and the drug suspension, the skin permeation data were fitted to first-order, Higuchi, Ritger-Peppas, and Weibull equations. The most suitable equation was determined based on the coefficient of correlation (R 2 ), as shown in Table 4 . The final fitted release model was defined as the Higuchi equation for cationic-UDLs, UDLs, and CLs and as the first-order equation for anionic-UDLs and the IMP suspension.
The results discussed above revealed that the skin permeation of IMP could be efficiently increased with the positive charge modification of the UDLs. The IMP suspension penetrated the skin very poorly because of the large molecular weight and extremely high hydrophobicity of the drug. The enhanced skin permeation of UDLs in comparison to that of CLs was attributed to the high deformability associated with the single-chain surfactants, which form high-curvature structures, thus enabling the vesicles to deliver entrapped drugs across the skin. 10 The different charged surfactants, stearylamine and dicetyl phosphate, result in swelling of the stratum corneum and interaction with intercellular lipids, which may affect the skin permeation of various drugs. 50 cationic surfactants are able to extract lipids from the stratum corneum and disrupt the lipid bilayer, allowing their packing within the tissue. In contrast, anionic surfactant-treated stratum corneum is relatively brittle, possibly because of extraction of a natural moisturizing factor. 35 However, lipid lamellae of the stratum corneum contain a high proportion 
Skin penetration of a fluorescence marker (RB) entrapped in lipid vesicles
The distribution of IMP-loaded lipid vesicles during skin penetration was investigated by detecting the accumulation of a fluorescence marker at different depths in the skin. The rat skin was treated with RB-cationic-UDLs, RB-UDLs, RB-anionic-UDLs, and RB-CLs for 12 h. The fluorescence images of the skin at various depths are shown in Figure 4 . Based on the photomicrographs taken from 0 to 48 μm of the skin depth, RB-anionic-UDLs showed the highest fluorescence compared with that of the other lipid vesicles, while there was a small difference in the fluorescence of RB-cationic-UDLs and RB-UDLs in the same range of skin depth. RB-CLs showed the lowest fluorescence at every increment of the skin depth. For further quantitative analysis of RB penetration, the fluorescence intensity was plotted against the corresponding skin depth ( Figure 5 ). Based on the results, the maximum fluorescence intensity of the RB-anionic-UDLs, 3,706.48±366.76 AU (arbitrary units), was observed at the 32-μm skin depth. Meanwhile, 
839
Penetration enhancement of imperatorin by different charged vesicles the highest fluorescence intensity of the RB-cationic-UDLs, 2,399.97±248.62 AU, was observed at a skin depth of 64 μm. The fluorescence intensity of RB-cationic-UDLs deeper in the skin corresponded to improved skin permeation, rather than retention in the stratum corneum and the shallow epidermis layer, as observed with RB-UDLs and RB-anionic-UDLs. The penetration and accumulation in deeper epidermis areas were possibly attributed to the electrostatic interaction between the negatively charged epidermis layer and the cationic-UDLs, regarded as promoting transdermal absorption.
21
Influence of lipid vesicles on skin structure
The influence of treatment with the vesicle formulations for 24 h on the organization of intercellular lipids in the skin was investigated using FTIR spectra and DSC thermograms ( Figure 6 ). The ability of the lipid vesicles to penetrate into intercellular regions, disordering and fluidizing the intercellular lipid lattices in the stratum corneum, might be related to the enhancing effect of the transdermal permeation surfactants. 44 The FTIR peaks from the asymmetric and symmetric stretching vibrations of CH 2 at around 2,920 and 2,850 cm −1 , respectively, were used for the evaluation of lipid acyl chains. The FTIR spectra of the natural untreated skin showed peaks at 2,924.3 and 2,853.9 cm −1 , which were assigned to asymmetric and symmetric stretching vibrations of CH 2 , respectively. Severe structural changes in the skin would be revealed by a significant shift of the CH 2 stretching vibrations. However, the FTIR spectra of the skin treated with cationic-UDLs, UDLs, anionic-UDLs, CLs, and suspension showed only slight changes in the structure of the skin, with the peaks shifting from 2,924. , respectively. Meanwhile, the DSC thermograms also displayed peak shifts. The natural untreated skin used as a control showed endothermic transitions at 78.8°C for the transformation from a lamellar to disordered state in the lipid structure. 43 The DSC thermograms of the skin treated with cationic-UDLs, UDLs, anionic-UDLs, CLs, and suspension showed endothermic transitions at 79.4, 79.8, 80.9, 82.9, and 82.6°C, respectively These results revealed the different changes in the lipid enthalpy of the stratum corneum lipid-related transitions in the skin. The results of the FTIR and DSC analyses demonstrated that the fluidity of the stratum corneum lipids was disrupted by the vesicle formulations without serious structural changes after the skin was treated with the lipid vesicles. These results suggest that the interruption of the stratum corneum lipids by the lipid vesicles improved the skin permeation of IMP.
Conclusion
In this study, different charge-modified UDLs and CLs were prepared, and the physicochemical characteristics of the vesicles, as well as their skin permeability were evaluated.
With the positive charge modification of the UDLs, the skin permeation of IMP could be efficiently increased compared with that of the other lipid vesicles. cationic-UDLs delivered the highest amount of IMP across the skin into deeper regions of the epidermis. Stratum corneum lipids could be disrupted after the treatment with lipid vesicles. Consequently, IMPloaded cationic-UDLs could be used as transdermal lipid vesicles to achieve a desired therapeutic effect for treating skin inflammation or bacterial infection at a lower dose of the compound. Our results provide useful fundamental information for further development of IMP or other drug delivery tools for cutaneous penetration. The in vivo pharmacokinetics of IMP-loaded cationic-UDLs applied to the rat skin model is now available for future investigations.
